Adaptive optics has been extensively studied for the correction of phase front aberrations in optical systems. In systems using ultrafast lasers, distortions can also exist in the pulse front (contour of constant intensity in space and time), but until now their correction has been mostly unexplored due to technological limitations. In this Letter, we apply newly developed pulse front adaptive optics, for the first time to our knowledge, to practical compensation of a two-photon fluorescence microscope. With adaptive correction of the system-induced pulse front distortion, improvements beyond conventional phase correction are demonstrated.
Adaptive optics has been extensively studied for the correction of phase front aberrations in optical systems. In systems using ultrafast lasers, distortions can also exist in the pulse front (contour of constant intensity in space and time), but until now their correction has been mostly unexplored due to technological limitations. In this Letter, we apply newly developed pulse front adaptive optics, for the first time to our knowledge, to practical compensation of a two-photon fluorescence microscope. With adaptive correction of the system-induced pulse front distortion, improvements beyond conventional phase correction are demonstrated. Adaptive optics has been widely applied to control the phase front of ultrashort laser pulses. In applications such as optical microscopy and laser material processing, the system resolution and efficiency have been greatly improved by the correction of phase aberrations [1, 2] . Going beyond phase front control, we recently introduced an adaptive optics concept that is able to arbitrarily shape the pulse front of ultrafast lasers (namely the contour of constant intensity in space and time within the pulse) [3] . Here, we present the first practical application of this pulse front adaptive optics method.
The fact that pulse front distortion (spatial variation in group delay across the beam) generally exists in optical systems has been reported by numerous studies [4] [5] [6] [7] . Specific lenses or static optical components may be designed to minimize the pulse front distortion for a specific system [8] [9] [10] . However, dynamic pulse front correction has not, to our knowledge, previously been realized. It is notable that this task is distinct from pulse shaping techniques, such as a multiphoton intrapulse interference phase scan [11] , which correct the phase distortions of the pulse in the spectral domain but are unable to correct distortions that are spatially variant across the beam. Here, we address this issue by demonstrating pulse front correction in multiphoton microscopy, which has become a vital tool for noninvasive imaging in various research areas. The nonlinear nature of the excitation in a two-photon microscope confines the fluorescence to a small focal volume, thus enabling high resolution and three-dimensional (3D) imaging deep inside specimens [12] . In two-photon microscopy, the pulse front distortion could introduce temporal aberration to the laser focus, thus broadening the focal pulse duration and reducing the focal intensity. These effects become increasingly dramatic when laser pulses with shorter duration are used. In this Letter, we show adaptive correction of system-induced pulse front distortion in a two-photon microscope and demonstrate further improvement beyond conventional phase correction.
In a two-photon microscope, major system-induced pulse front distortion arises from the propagation time difference (PTD) of the lenses [4, 13] . When the laser pulse propagates through the transparent material of a lens, there is a relative delay between the pulse front and the phase front. The magnitude of this delay is dependent on the radial position within the lens and for a singlet is given by [4] ΔT r r 2 2cf n − 1
where r is the normalized radius of the lens, c is the speed of light in a vacuum, f and n are focal length and refractive index of lens material, and λ is the wavelength of light. As shown in Fig. 1(a) , after propagating through such a lens, the laser pulse front is radially distorted. This makes parts of the pulse from different radii arrive at the focus at different times, forming focal distortion in the time domain. Conventional singlet lenses or aspheric lenses usually have a large distortion, while achromatic doublets are designed to minimize the distortion. Objective lenses were found to have a residual amount of pulse front distortion [6, 14, 15] , which can become serious for more complex lenses containing more elements [16] . It is seen from Eq. (1) that the delay has a quadratic relationship with the radius r. We therefore chose to demonstrate adaptive correction of pulse front distortion by introducing a quadratic shaped pulse front to the laser light. Applying opposite quadratic phases to a deformable mirror (DM) and a spatial light modulator (SLM) that are imaged onto one another, we were able to maintain a flat phase front while generating a quadratic variation in the pulse front across the beam [3] , as shown in the sketch of Fig. 1(b) . If the introduced pulse front perfectly cancels the pulse front distortion, we are able to maintain a temporally undistorted focal point [ Fig. 1(c) ]. As it is impractical to calculate the magnitude of pulse front distortion in a whole system, it was necessary to create a series of quadratic pulse fronts with different magnitudes and apply a sensorless adaptive optics routine, whereby the shape giving the highest focal intensity is considered to approach the optimal correction. In the description below, we first discuss a three-stage procedure to effectively remove phase aberrations. We then created a quadratic pulse front with 20 different magnitudes to demonstrate the effect of pulse front correction. Finally, we present improvements in the two-photon imaging of biological samples. We use the equivalent optical path length (EOPL) to represent the peak-to-valley magnitude of the phase front applied to the dual adaptive optics elements (AOEs) and T PF to represent the peakto-valley time delay for the pulse front [T PF EOPL∕c, where c is the speed of light, shown in Fig. 1(c) ] [3] .
In our two-photon microscope, the laser source was a Titanium Sapphire Oscillator (Newport Spectra Physics Maitai), with a central wavelength of 790 nm and 80 fs pulse duration. A pair of prisms [17] were aligned to compensate for the group velocity dispersion (GVD) effect [4] arising from the optical system. The duration of the pulse at the pupil of objective lens was kept to 80 fs with the verification of autocorrelator measurement. We note that the GVD and any other high-order dispersions only affect the laser pulse duration but have no effect on the pulse front. A 4f lens system was used to image the phase pattern of SLM (Hamamatsu X10468-02) onto a large stroke DM (Imagine Optic MIRAO 52-e). A high numerical aperture oil immersion objective [Olympus oil lens: 60×, 1.4 NA (numerical aperture), PLAPON60XO] was used to focus the laser light into either a fluorescent sea containing Alexa594 dye or biological samples. A photo-multiplier tube was aligned with a dichroic mirror in epi-configuration to collect the two-photon emission. Achromatic doublets were adopted throughout the system to reduce the pre-existing system-induced pulse front distortion.
Phase aberrations have a pronounced detrimental influence on the magnitude of any nonlinear fluorescence generation at the focus [18] . Before the demonstration of pulse front correction, it was imperative to ensure that any residual phase aberrations in the system were effectively removed. This task is particularly onerous when large opposite phase shapes (> 30λ) are employed to SLM and DM. Therefore we used a three-stage procedure to make sure all possible phase aberrations were minimized for each particular pulse front shape. Initially, a Shack-Hartmann wavefront sensor was aligned after the dual AOEs. The SLM and DM were updated until the wavefront sensor confirmed that the phase front aberration was below 0.08 μm [EOPL<0.08 μm] for the light entering the objective lens [3] . This stage compensated the majority of large phase aberrations. Subsequently, by aligning a mirror at the focal position, the 3D focal intensity distribution was imaged onto a CCD camera. Using a phase-diversity approach [19] , the SLM and DM were further updated to provide compensation for small magnitude phase aberrations. In the final stage, the two-photon emission from the fluorescent dye was measured. Any residual small phase aberrations were finely corrected using a sensorless adaptive optics scheme [20] . After this stage, an individual maximum two-photon signal was found for each pulse front shape. To show the effectiveness of this three-stage phase correction, the focal intensity distribution was determined by measuring the light scattering from a 100 nm gold bead. The gold bead was scanned by the 3D stage through the laser focus to generate 3D images [21] . Figure 2 presents both the axial and lateral images of the foci, when quadratic pulse fronts with T PF equal to −90, 0, and 90 fs were introduced. (Note that a T PF of 90 fs is equivalent to 34 wavelengths of distortion.) The dimensions of foci with quadratic pulse fronts of −90 and 90 fs were slightly larger, caused by a reduced effective NA arising from the lower illumination power at the edge of the pupil (more details discussed later). From the quality of the imaged foci that were compared with theoretical simulations [22] and the maximum two-photon signal confirmed in the third stage of phase correction, we consider that the residual phase aberrations were negligible in our demonstration. After the three-stage phase correction, the system was ready for the pulse front demonstration. We move on to demonstrate the effects of pulse front correction. Twenty quadratic pulse fronts of different magnitude were created as discussed in detail in a previous publication [3] . Each pulse front shape was produced with the phase correction procedure discussed above. For a fair comparison, the input laser power contributing to the focal two-photon excitation should be exactly the same for these 20 shapes. First, when large magnitude phase patterns were applied onto the SLM [an example shown as the bottom inset of Fig. 3(a) ], the diffraction efficiency was reduced, particularly at the edge of the beam with larger phase gradient [23] . As shown in the top inset images of Fig. 3(a) , with a flat pulse front (T PF 0 fs), the laser intensity was fairly uniform across the pupil. When a quadratic pulse front with T PF 90 fs was applied, there was a loss of power at the edge. Therefore, for the same incident power from the laser source, larger phase patterns reduce the total integrated power in the beam prior to the objective. Second, the laser was focused through a cover glass into a water-based sample using a high numerical aperture oil immersion objective. Consequently, some of the excitation light at the beam periphery was lost due to total internal reflection (light passing outside 0.95 of the normalized objective pupil radius was lost for the 1.4 NA objective lens). Considering these two effects in the experiment, the integrated laser power within 95% of the objective pupil radius was tuned to be 3.2 mW for all 20 quadratic pulse front shapes investigated. This was realized by the control of a neutral density filter directly after the laser source and the measurements of laser power prior to the objective.
Measurements of the two-photon signal from a fluorescent sea containing Alexa594 dye are shown as the red curve in Fig. 3(a) . When the T PF was increased from a flat input pulse front (T PF 0 fs), the two-photon signal presented a rising trend, until it peaked at a 90 fs input pulse front (signal increased by a factor of 1.4). On both sides of 90 fs, the twophoton signals decreased. To validate the data, we conducted four different sets of experiments, each with separate realignment and recalibration of the two-photon microscope system. The four sets of measured data are presented through the error bars in the curve, proving a high repeatability for the correction effect. Additionally, the experiments were repeated with another comparable objective lens (Olympus oil lens: 60×, 1.42 NA, PLAPON60XO), and it was found to have similar trends to the presented curve. We therefore conclude that introducing a quadratic pulse front with a magnitude of T PF 90 fs, to a certain extent, corrected system-induced pulse front distortion. Figure 3 (b) presents the power dependence for the signal measurement, while T PF was set to be 0 and 90 fs. The perfect quadratic dependence of the signal on input laser power confirmed the measured signal was solely from the nonlinear two-photon interaction. We further investigated the effect of a pulse front with other shapes. Through applying opposite astigmatic phase patterns [24] to the SLM and DM, we created a saddle-shaped pulse front, as shown in Fig. 3(c) . Two cases were examined: in the first case, the starting point was a flat pulse front; in the second, an additional quadratic-shaped pulse front of amplitude 90 fs was applied at the same time. The saddle pulse front, which is mathematically orthogonal to the quadratic shape, monotonically reduced the focal intensity with the increasing magnitude. This strongly indicated that the signal improvement in the curve of Fig. 3(a) when applying quadratic-shaped pulse fronts alone is related to a correction of a system-induced pulse front distortion, as opposed to an anomaly introduced by the pulse front control scheme. We further demonstrated the benefits of pulse front correction on the two-photon imaging of biological samples. The images were acquired (Fig. 4) for pollen grain samples (Blades Biological Ltd., CBS040) with a fixed pupil power of 3.2 mW. Phase aberrations were fully corrected by the same three-stage procedure as discussed above. When we applied pulse front control to remove the system-induced distortion, the images (Fig. 4, right side) became brighter, as should be expected from the data in Fig. 3(a) . Following pulse front correction, the image contrast was noticeably improved; this can also be seen in the line plots of the intensity taken from the images. It is well known that the correction of phase aberrations can increase the signal level and contrast in such microscopes. However, for all the images shown in Fig. 4 , the phase aberrations were all ideally corrected within the capabilities of the adaptive optics used. Furthermore, one would expect that any residual aberrations would be worse in the "pulse front corrected" case, as the phase settings of the dual adaptive elements are larger, leading to a comparative reduction in signal. The fact that the "pulse front corrected" images exhibit greater contrast is therefore a clear indication of the benefits of the pulse front correction.
In conclusion, we have demonstrated the adaptive correction of pulse front distortion in a two-photon microscope. With the phase aberrations fully removed, we found the pulse front correction offers further improvements in the two-photon signal. In our demonstration, distortions with quadratic shapes may also have arisen when the laser was focused through the objective immersion medium and sample cover glass. However, they were all corrected as the "system-induced" pulse front distortion in our case. The pulse front correction method will also be useful for any other applications using ultrafast lasers. We note that the two-photon signal was increased by 1.4 times for an 80 fs laser in our demonstration; however, this improvement ratio should be significantly larger than 1.4 if lasers with shorter pulse duration were adopted [13] . 
